Recumbent bicycles (RB) are high performance, human powered vehicles. In comparison to normal/upright bicycles (NB) the RB may allow individuals to reach higher speeds due to aerodynamic advantages. The purpose of this investigation was to compare the non-aerodynamic factors that may potentially influence the performance of the two bicycles. 3D Body Centre of Mass (BCoM) trajectory, its symmetries, and the components of the total mechanical work necessary to sustain cycling were assessed through 3D kinematics and computer simulations. Data collected at 50, 70, 90 110 rpm during stationary cycling were used to drive musculoskeletal modelling simulation and estimate muscle-tendon length. Results demonstrated that BCoM trajectory, confined in a 15 mm side cube, changed its orientation, maintaining a similar pattern across all cadences in both bicycles. RB displayed a reduced additional mechanical external power (16.1 ± 9.7 W on RB versus 20.3 ± 8.8 W on NB), a greater symmetry on the progression axis, and no differences in the internal mechanical power compared to NB.
Introduction
Humans have always aimed to move safely and faster, even through the aid of passive tools that help to improve the limits imposed by body characteristics. These means of locomotion, without supplying additional mechanical energy, are able to greatly improve performance by exploiting the use of muscular force alone. The most commonly used passive tool in the world is the bicycle (Minetti, 2004) . When pedalling, body weight is supported by the saddle and not by the limbs, allowing muscle power to be exploited mainly for propulsion rather than for posture maintenance.
Since the first bicycle was introduced in the 1820s, different models have been developed throughout the entire twentieth century. Muscle efficiency was optimized by using gears while rolling resistance and aerodynamic drag were reduced utilizing inflated tyres and by designing new vehicles (Minetti, Pinkerton, & Zamparo, 2001 ). In 1933 the Recumbent Bicycle (RB) was introduced, allowing higher speeds at the same metabolic power compared to the Normal/Upright Bicycle (NB) principally due to aerodynamic advantages (Gross, Kyle, & Malewicki, 1983) . RB were never formally included in official competitions, however with the use of particular fairings, they became the fasted human powered vehicles, allowing speeds in excess of 130 km/h (from the International Human Powered Vehicle Association website:
http://www.ihpva.org/hpvarec3.htm#nom01).
Changing the position of the subject on a bicycle alters both biomechanics and energetics of pedalling, and the effects of different posture have been investigated both in upright (Faria, Parker, & Faria, 2005) and recumbent cycling (Too, 1990) . However, some relevant physiological and biomechanical parameters such the Body Centre of Mass (BCoM) trajectory and its associated symmetries have often been neglected and have never been experimentally calculated for the recumbent bicycle. Also, no study has investigated the different components of the total mechanical work (W TOT ) and muscletendon length changes when cycling on this type of vehicle.
The total mechanical energy changes (the mechanical work) necessary to maintain overall motion influence metabolic energy expenditure in locomotion. The mechanical external work (W EXT ) necessary to raise and accelerate the BCoM in walking and running is referred to in cycling as the work necessary to overcome rolling and air resistance (Minetti et al., 2001 ). However, the common belief of a purely horizontal translational pattern of the BCoM in cycling was suggested not to be the case (Minetti, 2011) . Rather, the small BCoM movements described an elliptical trajectory in the sagittal plane that could be responsible for the slight additional mechanical external work (W EXT* ) necessary to sustain the periodic lift and acceleration of the BCoM, even when pedalling seated on a saddle. The work necessary to reciprocally accelerate body segments with respect to the BCoM (Cavagna & Kaneko, 1977) , but also including the work to overcome internal friction in body tissues (Fenn, 1930) , is described by the mechanical internal work (W INT ). This component was investigated only on upright bicycles in terms of metabolic equivalent of internal power during pedalling ( ! W INT ) and it was modelled to depend on the third power of the pedalling frequency (di Prampero, Mognoni, & Saibene, 1979; Minetti et al., 2001 ).
Different cycling positions bring trunk and lower limbs in different configurations that could have consequences not only on the mechanical work, but also on the behaviour of the propulsive muscles. Maganaris estimated the force-length characteristics of the in vivo skeletal muscles during ankle movements. His results
showed that the medial and lateral gastrocnemius worked only in the ascending region of the force-length relationship (Maganaris, 2003) , and the tibialis anterior and soleus in the ascending and plateau region (Maganaris, 2001) . Some other studies were interested in the force-length relationship of the muscle producing power during cycling, with the hypothesis that this should be related to cycling performance. Vastus lateralis was found to work in the plateau and descending limb of the force-length relationship, indicating that independent of the cycling effort, this muscle appeared to be used optimally for upright cycling (Austin, Nilwik, & Herzog, 2010; Muraoka, Kawakami, Tachi, & Fukunaga, 2001) ; however, these results were limited to upright cycling.
It is reasonable to hypothesise that different cycling postures could be related to different behaviours of the human machine, especially in term of performance. Based on these considerations, the purpose of our study was to investigate the nonaerodynamics factors affecting the two different bicycles starting from an experimental approach and theoretical simulations:
i) The 3D displacement of BCoM as a variable involved in the estimation of mechanical power, which is crucial to energy expenditure and the symmetry of its path as potential index measures of motion stability.
ii) The components of the total mechanical work (W TOT ) necessary to sustain cycling at various cadences and corresponding external power ( ! W EXT ). From partitioning of internal power ( ! W INT ) and additional external work rate ( ! W EXT* ), it will be possible to understand how each component contributes to the total mechanical work, with consequences on athlete training and bicycle design.
iii) Lower limb muscle-tendon lengths (MTL), which can change in the two different configurations, with the muscles working at different lengths different from their optimal.
Methods

Participants
Four healthy male volunteers (age 28.3 ± 2.6 years; body height 1.77 ± 0.06 m; body mass 66.75 ± 4.11 kg) were recruited. All participants were fit recreational cyclists, who practiced sport (not specifically cycling) 3 times per week (less than 2 hours per week).
The University of Milan institutional ethics committee approved all methods and procedures, and participants, fully informed about the aim of the study, gave their written consent prior to the start of testing. Sample size was chosen considering that this work consists of a preliminary comparison between RB and NB and the range of variability in the analysed parameters still remains to be determined. In addition, cycling is a constrained stereotyped movement giving origin to a repeatable kinematics.
The consistency of "stereotyped" strides was checked by analysing the BCoM trajectory in local coordinates (on the stationary bikes), both within (intra-subject) and between participants (inter-subject). The variability of strides within each motion capture file was assessed by measuring, point-by-point, the 3D distance between BCoM trajectories of each stride with respect to the others (3D Root Mean Square technique). The average distance for those comparisons represented the consistency of stride trajectories (the smaller the better). The same procedure was applied to all conditions (4 rpm and 2 bicycles) and subjects. The obtained estimates of variability were acceptably low and similar for intra-subject (average distance within participant 0.00199 ± 0.000179 m) and inter-subjects comparisons (average 3D distance among subjects over the four rpm and two bicycles 0.00252 ± 0.000447 m).
Bicycle technical data
The experiments were performed with a "Slyway Hyper" recumbent bicycle (SlyWay®;
Slyway Project, Cremona, Italy) and a "Velo Route Tribian 300" upright bicycle (B'Twin®; Decathlon). According to the literature (Reiser, Peterson, & Broker, 2002) , the posture of the riders on the bicycles was evaluated in terms of Body Configuration angle (BC) (123 ± 4° in NB and 143 ± 1° in RB), Hip Orientation angle (HO) (75° ± 0°
in NB and 0° ± 1° in RB), and Torso angle (TA) (133 ± 4° in NB and 36 ± 2° in RB) (see Figure 1 ).
Experimental set-up and Protocol
3D kinematic data were obtained with a motion analysis system with 8 infrared cameras (Vicon MX, Oxford Metrics, UK) at a sampling rate of 100 Hz. Thirty-seven reflective markers were positioned on the subject's body landmarks: 35 according to the Plug-InGate model (Davis, Ounpuu, Tyburski, & Gage, 1991) which were used to drive a musculoskeletal simulation in OpenSim, and 2 additional markers on the right and left greater trochanter for the computation of BCoM.
After a period of familiarization with the rhythm imposed by a metronome, participants performed one minute of pedalling at 4 different cadences (50-70-90-110 rpm) in randomized order on NB and RB. Moreover, one minute of pedalling against no external resistance (freewheel pedalling) was performed in order to measure the time course of pedal crank angular velocity at self-selected pedalling frequency. Bicycles were stationary, placed on rollers with a constant resistance, and instrumented with an SRM powermeter (Powermeter, SRM, Germany). A digital visual feedback positioned on the bicycle provided the cyclist with the current adopted cadences. At the same cadence ! W EXT was equal in both bicycles, but it increased with pedalling frequency.
Seat to pedal distance (SPD, see Figure 1 ) was adjusted to 100% of trochanteric leg length, for both NB and RB.
Data Processing
According to previous studies on different locomotion types (Minetti, Ardigò, & Saibene, 1993; Minetti, Pavei, & Biancardi, 2012) 18 of the 37 markers were selected in order to detect 12 body segments. Their fractional mass, centre of mass and the moment of inertia (Winter, 1979) and medio-lateral (KEy) axes were measured with a custom program written in LabView (ver. 8.6 National Instruments) (Minetti, 1998 (Cavagna & Kaneko, 1977) , while ! W EXT was directly measured from the SRM.
Lower limb MTL were estimated with the musculoskeletal modelling software OpenSim 2.4. (Delp et al., 2007) . Marker position data, together with body mass, were used to scale the Gait2392 model through the scaling tool of OpenSim. The model had 23 degrees of freedom and 92 musculo-tendon actuators to represent 76 muscles in the lower extremities and torso. Successively, the inverse kinematics tool was used to compute joint angles of the scaled model that best reproduced the subject's motion. All MTL were computed for both legs and normalized to standing length but, similarly to other studies (Sanderson et al., 2006; Austin et al., 2010) , the muscles listed in Table 3 were analysed for the right side of the body only.
Computer physical simulation of pedalling cyclist
In order to verify BCoM trajectory in the sagittal plane, ! W EXT* , and ! W INT , and successively compare these data with experimental results, a dynamical simulation of a pedalling cyclist was built using Working Model (WM) 2D (Design Simulation, US).
The subject was modelled with rectangular segments, with a mass of 51.0, 7.5 and 4.5 kg respectively for head-trunk, thigh (upper leg) and shank (lower leg), connected by frictionless pin joints. The distal portion of the shank was attached to a chain ring where a motor allowed the movement with imposed angular speed corresponding to 50, 70, 90
and 110 rpm. Normal and recumbent postures were reproduced by changing the orientation of the pedalling cyclist (Figure 2 ). In agreement with previous work (Minetti, 2011) , the chain ring continued to revolve even when the motor was switched off (like in freewheel pedalling), showing a passive endless dynamics that occurred at fluctuating angular speed of the pedals (Figure 3 ). With the hypothesis that the human body is not perfectly symmetrical and the BCoM profile could be affected by differences in the two lower limbs, we simulated the effect of anatomical asymmetry by shortening one of the two lower legs.
Statistical analysis
To evaluate the effect of different pedalling cadences and bicycles, a two-way ANOVA With the hypothesis that cadence has no effect on MTL, the behaviour of each analysed muscle was compared for the different bicycles with a paired t-test without taking into account the different rpm. Statistical significance was accepted when p<0.05.
Results
The 2D BCoM trajectory in the sagittal plane obtained from WM simulation described an elliptical profile with different major axis inclinations for the two bicycles. Two typical limb configurations named P and λ were identified in the sagittal plane, where the boundary of the major axis of the ellipse described by the BCoM is reached regardless of the position of the subject. The analysis of "freewheel cycling" on NB at self selected pedalling cadence showed similarities with WM simulation. Despite the subjects pedalling at self selected cadence, it showed a fluctuation of pedal crank angular velocity similar to the WM simulation, and higher speed values were recorded in P limb configurations in both cases (at 10 and 60% of the pedalling cycle in Figure   3 ). The only difference in the experimental data was related to the presence of two velocity peaks (dashed line in Figure 3 ) and only one in WM simulation (continuous line).
A similar elliptical profile of BCoM was observed in the real path obtained from experimental session recordings ( Figure 4C ). 3D examples of the Lissajous contours of the BCoM of a typical participant while pedalling at 90 rpm on NB and RB ( Figure 4D and 4E respectively) were also recorded. The 3D BCoM trajectories described different paths for the two bicycles. A greater excursion was observed both for NB and RB in the medio-lateral (y) axis compared to the antero-posterior (x) (+ 56% and 38%
respectively on NB and RB) and vertical (z) (+ 22% and 38% respectively on NB and RB). However, the oscillation in forward direction seems to be smaller in NB (6.5 ± 1.2 mm) compared to RB (9.4 ± 2.0 mm), in which narrower oscillation in the vertical axis was observed (NB: 11.6 ± 1.5 mm, RB: 9.4 ± 2.6 mm). Volume was not influenced by pedalling frequency (Table 1) .
The right/left symmetry indices along the antero-posterior, medio-lateral and vertical axes (SIx, SIy, SIz respectively) reached the highest value in the vertical axis (0.908 ± 0.046) for both bicycles ( Figure 5 ). In the other directions, a different trend for the two pedalling configurations was noticed. While for the NB the lowest symmetry values occurred in the antero-posterior direction, RB reached a minimum in the mediolateral axis. SIx was higher for RB compared to NB, and this difference increased with pedalling frequency (p<0.05). Conversely, SIy was slightly higher in NB (p<0.05). Figure 6A ). The additional external mechanical power was always higher in NB compared to RB in both real and simulated pedalling tasks, although significant differences were found between bicycles in real conditions only at specific cadences ( Figure 6B ). The division of the total mechanical power into its components (internal, external, and additional external) at different pedalling frequencies is reported for both bicycles in Figure 7 and Table 2 .
Results from the Opensim simulations are reported in terms of percentage of the standing length (Table 3 ). The middle point of contraction (the average between maximal and minimal length reached during pedalling cycles) of each MTL was also calculated. For RB, Short Biceps Femoris (+1.3%), Iliacus (+2.6%) and Psoas (+1.9%)
were more stretched when compared to NB; Gluteus Maximus (-1.8%) and the three Vasti (-1.8%) were shortened, while other muscles showed no differences.
Discussion
The purpose of our study was to compare NB and RB through the investigation of the non-aerodynamic factors affecting performance on both bicycles (e.g., BCoM trajectories, mechanical work rate and MTL changes).
Our data confirm that the BCoM contour travels, in local coordinates, along a trajectory similar to an ellipse in the sagittal plane ( Figure 4C ) as anticipated by a simulation (Minetti, 2011) , with differences in the major axis inclination between bicycles (more perpendicular to the ground for NB compared to RB; this is reflected by the difference of excursions on x and z axes). The BCoM moved inside a cube with a side length smaller than 15 mm without significant differences in the two bicycles.
Indeed, the excursion of BCoM was greater in the progression axis in RB compared to NB while lower in the vertical one and, consequently, the volume occupied did not differ. In the frontal plane, the BCoM trajectory was in the form of a "U" for NB ( Figure 4D ) and of an inverted "U" for RB ( Figure 4E ). In the transverse plane, a figure of "8" was drawn for both bicycles. The BCoM excursion seemed to increase with pedalling frequency, but without significant difference, both for NB and RB. The comparison between the real BCoM paths experimentally obtained and the 2D BCoM trajectories from WM simulation showed differences that can be attributed to the slight discrepancy in the body segments lengths and to the small motion of the 'real' trunk.
Looking at Figure 4B , when one of the two limbs in WM simulation was shortened by 1 cm replicating a physiological and common anatomical asymmetry between limbs (Seminati et al., 2013) , the BCoM trajectories become similar to the experimental condition ( Figure 4C ). This supports the hypothesis that anatomical asymmetry may cause dynamical and spatial asymmetry of the BCoM in locomotion with consequences for the motion stability (Gurney, Mermier, Robergs, Gibson, & Rivero, 2001; Seminati et al., 2013; Biancardi, Fabrica, Polero, Loss, & Minetti, 2011) . In this study the highest symmetries were reached in the vertical axis on both bicycles, likely because the saddle limited the movements in this direction. In the antero-posterior axis the RB showed higher symmetry values, compared to NB, and this can be attributed to the backrest that stabilizes the trunk and inhibits its movement in the progression axis. In the mediolateral axis, symmetry values were always higher for NB and it was not affected by the pedalling frequencies. On both bicycles there are no constraints limiting movements in the frontal plane, and this was more evident in the RB at low rpm likely because each participant was more practiced with cycling on NB. Skilled and trained cyclists could be more symmetrical than the amateur participants who took part in this study. For this reason further analysis could compare experienced riders on RB and NB to investigate which bicycle allows higher dynamical symmetry, and whether training level could have an effect on symmetry.
The position of the BCoM and its displacement also influenced the estimation of mechanical energy expenditure and rider performance. The analysis of the ! W TOT components necessary to sustain the same pedalling task showed that the relationship between cadence and ! W INT on RB was in line with previous results (Minetti et al., 2001 ).
! W INT was related principally to the pedalling frequency ( Figure 6A ) with no differences between NB and RB. Internal power has to be considered when riding a bicycle (Francescato et al., 1995) , because it is associated to an increment of oxygen consumption (Coast, Cox, & Welch, 1986) . However, the metabolic cost could become higher at elevated cadences even without additional mechanical work; an increased rpm implies higher muscle contraction velocity, altering muscle efficiency (Kautz & Neptune, 2002) . On the other hand, the relative importance of the 'kinetic' component of internal work has been questioned, as the WM simulation of pedalling showed that pedal rotation could occur indefinitely with no need for additional power input (Minetti, 2011) . This suggests that the measurable (but possibly meaningless) 'kinetic' internal work could be proportional to the non-measurable (likely meaningful) 'viscous' internal work, which could represent the real determinant of the VO2 increment due to high pedalling rate.
In addition, Minetti (2011) (Table 2) , and its metabolic relevance, still remain to be investigated.
These uncertainties arise from the fact that, contrary to general belief, the BCoM does not travel parallel to the ground at a constant speed during cycling.
The effect of posture on the rider was investigated, with the hypothesis that one of the two pedalling positions could be more advantageous than the other because of the range of contraction of different muscle-tendon units. Despite the small MTL differences on the two bicycles, it is known that the optimal operative range of the sarcomere is only 5-10% of its maximal length (Cutts, 1988; Rassier, MacIntosh, & Herzog, 1999; Burkholder & Lieber, 2001 ) and different muscles work in a small portion of the force-length relationship graph. For this reason, even small differences could be important to optimize performance. Since the vastus lateralis muscle works in the plateau and descending limb of the force-length relationship during normal cycling (Austin et al., 2010; Muraoka et al., 2001 ) and this muscle was shortened on RB in our results, it probably operates nearer its optimal length on RB than NB. Unfortunately, data regarding the force-length relationship during cycling for the other muscles reported in Table 3 are not available in literature and this study cannot conclude whether they work in a portion closer to, or farther from, their optimal length. Although the MTL (the distance between origin and insertion of a muscle) was estimated, this is not enough to simulate the muscle force-length behaviour and force velocity-properties.
This analysis could be the starting point for further investigations. Indeed, differently from the MTL estimation that needs only kinematic data (Riley, Franz, Dicharry, & Kerrigan, 2010) , the force across muscle fibres could be investigated with a forward dynamic analysis completed with joint kinematics (Thelen et al., 2005; Zajac, 1989) , with a much more complex experimental setup and several assumptions.
Conclusion
This study confirms experimentally the existence of a 3D BCoM movement potentially associated with some additional mechanical external work, previously evaluated only with a computer physical cycling simulation, both for NB and RB. The between-bicycle comparison showed that the BCoM changed its orientation while maintaining a similar pattern in both configurations, with some advantages for the RB: a smaller ! W EXT* and a greater SIx. However, although results reported that muscles were working at slightly different operative ranges of their length, the final propulsive effectiveness is difficult to assess, because the differences did not exceed 4% of standing length. From a kinematical perspective, we could speculate that the RB position can be partially (but not completely) considered a 75°-100° backward rotated NB in the sagittal plane, around the mediolateral axis. Indeed, the different body configuration (BC) angle in the two positions causes small but significant changes at iliacus, psoas and thigh muscles.
Therefore, we can conclude that only small differences are appreciable between the two bicycles. The principal benefit associated with riding a RB is therefore the aerodynamic factor and the removal of the saddle (Gross et al., 1983) , which often causes discomfort to cyclists. The development of mechanisms reducing the energy expenditure related to the ! W EXT* and strategies increasing bicycle stability could be the starting point to further improve the design and performance of these vehicles. 
